The development of transport functions in the rabbit choroid plexus was followed postnatally up to 2 months after birth. The activity of ouabain-sensitive Na +,K + -ATPase in newborn rabbit choroid plexus com poses about one-fourth (lateral and third ventricle) to one half (fourth ventricle) of the activity in the adult animal, and it increases markedly within the first 3 weeks of early life. A similar profile of postnatal changes is observed for the capacity to take up and accumulate the organic base choline, which is about three to five times higher for the Abbreviations used: TeA, trichloroacetic acid; T/M, tissue/ medium ratio. 560 adult rabbit than for the newborn animal. This coincides with the maturation of the epithelial cells as well as with the development of the sympathetic nerve supply in the choroid plexus. The results suggest that energy-depen dent translocation systems influenced by local sympa thetic nerves in the choroid plexus, at the interface between blood and CSF, have a functional role short ly after birth. Key Words: Choroid plexus-Cho line uptake-N a + ,K + -ATPase-Postnatal develop ment-Rabbit-Tr ansport function.
The choroid plexus is responsible for the major part of the CSF formation in the mammalian brain (Davson, 1967; Cserr, 1971; Milhorat, 1975; Pollay, 1975) . CSF secretion is mediated by an active trans port of ions from blood to CSF. The rate of CSF production is influenced by sympathetic nerves originating in the superior cervical ganglia . Thus, stimulation of the sym pathetic trunks in the neck of rabbits has been shown to inhibit CSF production, whereas sympa thetic denervation has the opposite effect .
The choroid plexus, in addition, possesses active transport systems operating in the opposite direc tion to those of CSF production. These are reflected in high-capacity systems for active uptake and ac cumulation of several substances (Wright, 1978) , in cluding organic bases (Tochino and Schanker, 1965; Eriksson and Winbladh, 1971; Aquilonius and Win bladh, 1972) . Also, this aspect of transport function in the choroid plexus of the rabbit is markedly en hanced following sympathetic denervation of the tissue , in line with the effect of sympathectomy on the formation of CSF (Lind vall et al., 1978) . Na + ,K + -ATPase is closely associated with active transport over biological membranes (Baker, 1972) . Accordingly, high activity of this enzyme is found in the choroid plexus (Bonting et al., 1961; Vates et al., 1964; Milhorat et al., 1975; Wright, 1978; Miwa et al., 1980; Smith and Johanson, 1980b) . In the rabbit, sympathetic denervation increases Na + ,K + ATPase activity in accordance with its influence on the active transport functions (Lindvall et al., 1982) .
The capacity for transporting organic bases, such as atropine and methylatropine, in the choroid plexus is lower in immature animals (Winbladh, 1972) , and so is the tissue activity of N a + ,K + ATPase (Johanson and Woodbury, 1974; Mitchell et al., 1982) . It has also been demonstrated that the full development of the sympathetic nerve network supplying the rabbit choroid plexus is not attained until 3 weeks after birth , which coincides with the ultrastructural mat uration of the plexus epithelium in this species (Ten nyson and Pappas, 1964, 1968; Tennyson, 1975) .
The present article provides a detailed account of the rate of development in the capacity of the rabbit choroid plexus to take up and accumulate an or ganic base (choline) and its activity of ouabain-sen sitive ATPase during the first 2 months.
MATERIALS AND METHODS

Animals
Sixty-one albino and randomly pigmented rabbits of either sex were used. Material was taken from animals within the first day of delivery and at days 7, 14, 21, and 60 post partum. The 6O-day-old animals had a body weight of 3.0-3.5 kg. For practical reasons, the adult an imals were decapitated under sodium pentobarbital (Meb umal; ACO, Sweden) anesthesia (20 mg/kg i. v.), whereas the younger animals were killed under light diethyl ether anesthesia. In a separate experiment on four of the adult rabbits, plexus ATPase activity was measured (all plex uses in one sample) after either pentobarbitol or diethyl ether anesthesia during a time period corresponding to that used in the decapitations, in order to elucidate any influence of the anesthetics used on the outcome of the measurements.
Uptake of choline in vitro
The choroid plexuses of the lateral, third, and fourth ventricles were rapidly dissected out and put into sepa rate beakers containing 2 ml ice-cold Krebs-Henseleit buffer solution. After lO-min preincubation at 37°C during gassing with a mixture of 95% O2 and 5% CO2, methyl[1 4 C]choline chloride (58 Cilmol; Amersham) and carrier (unlabeled choline chloride) were added, and the incubation was continued for 30 min. The plexuses were then quickly removed and excess buffer carefully wiped off on filter paper. To avoid drying, the tissue was im mediately wrapped in plastic film and weighed. After digestion in 0.5 ml Soluene 350 (Packard), the isotope contents in the plexus tissue and incubation media were measured with conventional liquid scintillation tech niques (Nuclear Chicago) using quench corrections ac cording to the external standard channels ratio method. The tissue/medium ratio (T/M) was determined (Eriksson and Winbladh, 1971) as the quotient of radioactivity in tissue (dpm/g wet weight) and incubation medium (dpm/ml).
Tissue ATPase activity
A modification of the spectrophotometric method of Bonting et a!. (1961) was used. Plexuses from all four ventricles of the brain were dissected out and frozen sep arately in 0.2 ml distilled water on dry ice. On the fol lowing day, each plexus was thawed and homogenized in ice-cold distilled water using a Potter-Elvehjem homog enizer. The homogenizer was rinsed twice with 0.1 ml distilled water, and the lot was freeze-dried and stored at -30°C until analysis. Before analysis, each homogenate was resuspended in 100 ,..,. . 1 imidazole buffer (pH 7.5) per milligram tissue wet weight. After vigorous shaking, 10 ,..,. . 1 of a deoxycholate solution (5 mg/ml) was added to 100 ,..,. . 1 of the homogenate 40 min before further analysis. Fifty microliters of the homogenate was mixed with 200 ,..,. . 1 of one of two different solutions with the same basic com position (in mM): MgCI2, 3.75; KCl, 25: NaCl, 163; ethyl enediaminetetraacetate, 0.2; Tr is, 41.3; and histidine, 5 mg/m!. One of the solutions, in addition, contained 1 mM ouabain (Sigma) to inhibit Na + ,K + -ATPase. Te n micro liters of ATP (Aldrich) solution, final concentration 3 x 10-3 M, was added after 10 min of incubation at 37°C in an oscillating bath, and the incubation was then continued for 1 h. The reaction was stopped by the addition of 0.1 ml of ice-cold trichloroacetic acid (TCA) (20% wt/vol) followed after 10 min by centrifugation for 5 min at 2,000 rpm. A 0.3-ml aliquot of the supernatant was mixed with 0.3 ml freshly prepared reagent (0.6 mM H2S04 with 1% ammonium molybdate to which FeS04 had been added immediately before use to a final concentration of 40 mg/ m!) and allowed to stand for 30-45 min before reading at 700 nm in a Zeiss spectrophotometer. TCA-or heat-de natured homogenates processed as above served as blanks. All samples were run in duplicate.
The specific Na + ,K + -ATPase activity was calculated from the difference in phosphate concentration between the solution containing no inhibitor and that containing ouabain and expressed as nmoles phosphate liberated per milligram tissue wet weight and minute.
Statistics
Differences between mean values were evaluated with Student's t test for unpaired observations.
RESULTS
Choline was taken up and accumulated against a concentration gradient in the choroid plexus of rabbit at all stages of postnatal development ex amined. The values for TIM are given in Ta ble 1. In choroid plexus of adult rabbit, TIM was about three to five times higher than the figure for the newborn animal. At 3 weeks post partum, the mean TIM value of the lateral plexuses had attained 50% of the mean TIM in adult plexuses, while plexuses of the third and fourth ventricles had reached 80 and 60%, respectively, of adult values ( Fig. O . There was no statistically significant difference in the up take capacity of plexuses from the different ventri cles at any stage of development.
The activity of ouabain-sensitive Na + ,K + -ATPase in newborn rabbit choroid plexus (Table 1 ) com posed about one-fourth (lateral and third ventricles) to one-half (fourth ventricle) of the activity in the adult rabbit plexus (as shown in Fig. I ). In the lat eral and third ventricles, the largest increase in en zyme activity could be seen during the first 2 weeks of development, whereas most of the increment in the fourth ventricular plexus was noted after 3 weeks post partum (Fig. 1 ). There was no statisti cally significant difference at any stage of devel opment between the activity of choroid plexuses from different ventricles.
The Na + ,K + -ATPase activity represented about one-fifth of the total ATPase activity in newborn rabbit plexuses and about one-third in the adult (Table 1) . To evaluate possible differences in the transport functions of the choroid plexus related to the two types of anesthetics used, Na + ,K + -ATPase activity was measured in tissues from adult animals anesthetized with either diethyl ether or pentobar bital. The enzyme activity following the barbiturate anesthesia (2 .83 ± 0.22 nmol/mg/min; n = 8) was (6) 7. 39 ± 0.31 (6) 7. 12 ± 0.28 (6) 7. 21 ± 0.22 (12) Na+.K+-ATPase 0. 75 ± 0. 15 (6) 1. 62 ± 0.27 (6) 2.02 ± 0.08 (6) 1.89 ± 0. 15 (6) 2.69 ± 0. 17 (12) Third ventricle TIM choline 9 ± 3 (6) 11 ± 3 (12) 22 ± 8 (5) 35 ± 7 (6) 44 ± 3(7) Total ATPase 3.79 ± 0.67 (3) 4.56 ± 0.60 (3) 7.23 ± 0.52 (3) 6.97 ± 0. 53 (3) 7.81 ± 0.24 (6) Na +,K + -ATPase 0.86 ± 0.35 (3) 1. 13 ± 0. 35 (3) 1.88 ± 0.07 (3) 1. 85 ± 0. 14 (3) 3.04 ± 0. 30 (6) Fourth ventricle TIM choline 10 ± 3 (6) 20 ± 8( 11) 31 ± 11 (5) 22 ± 6 (6) 36 ± 5 (7) Total ATPase 5. 34 ± 0. 83 (3) 7. 19 ± 0. 18 (3) 5.95 ± 0.09 (3) 6.92 ± 0. 06 (3) 8. 38 ± 0. 09 (6) Na +,K + -ATPase 1. 25 ± 0.28 (3) 1.69 ± 0. 11 (3) 1. 64 ± 0. 18 (3) 1. 46 ± 0. 13 (3) 2. 64 ± 0. 24 (6) Values are means ± SEM, with number of determinations in parentheses. Table 1 ). 18.4% higher (p > 0.05) than after ether anes thesia (2 .39 ± 0.27 nmol/mg/min; n = 8) .
DISCUSSION
Transport between blood and CSF takes place in two directions at the level of the choroid plexuses. Thus, CSF is actively secreted into the brain ven tricles (see Cserr, 1975) , and solutes in the CSF are transported back into the bloodstream (Cserr et aI., 1975; Wright, 1978) . Both types of processes are influenced by the well-developed sympathetic nerve supply of the choroid plexus, probably through a direct effect of the nerve endings on the plexus ep ithelium . One aspect of the transport functions studied in this conjunc tion has been determination of activities of carbonic anhydrase (Edvinsson et aI., 1975) and ATPase (Lindvall et aI., 1982 ) , and another has been the in vitro uptake and accumulation of choline and p-ami nohippuric acid (Lindvall et aI., 1981) , representing an organic base and acid, respectively .
Ouabain-sensitive ATPase coupled to the Na + -K + pump seems to be located primarily in the apical membrane of the choroid plexus epithelium (Quinton et aI., 1973 ; Wright, 1978; Smith and Jo hanson, 1980b) . The activity of the enzyme has been claimed to be directly correlated with the rate of fluid secretion from the choroid plexus (Vates et aI., 1964) .
For practical reasons, different anesthetics had to be used when decapitating postnatal and adult ani mals. Pentobarbital used in the latter group of ani mals might influence Na + ,K + -ATPase activity in the choroid plexus by altering the plexus ratio of po tassium and sodium concentrations, which becomes markedly increased in rats anesthetized with pen tobarbital compared to ether (Smith and Johanson, 1980a) . Also, the CSF transport of certain anions is affected to a different degree by different anes-thetics (Lorenzo et aI., 1968) . In our experiments, there was a tendency, though statistically nonsig nificant, towards an elevated Na + ,K + -ATPase ac tivity of the choroid plexus from rabbits anesthe tized with pentobarbital compared with those re ceiving diethyl ether. If anything, we may thus have overestimated adult plexus N a + ,K + -ATPase ac tivity by at the most some 15%.
The uptake and accumulation of choline in cho roid plexus fulfill the accepted criteria for active transport, including uptake against a concentration gradient by an energy-dependent, saturable process (Aquilonius and Winbladh, 1972; Miller and Ross, 1976) . The present results confirm that choline is accumulated against a concentration gradient in the rabbit choroid plexuses. The choroid plexus is sup plied with cholinergic nerves (Lindvall et al., 1977) , which possess an active uptake mechanism for cho line (Yamamura and Snyder, 1973 ; Duckles, 1981) . However, in the choroid plexus of rabbit the amount of acetylcholinesterase activity indicates that the density of cholinergic innervation (Lindvall et al., 1977) would account for only a minor fraction of the choline uptake into the choroid plexus tissue. On the other hand, postganglionic sympathectomy, which completely abolishes the noradrenaline in nervation of the choroid plexus, markedly elevates the choline uptake into the tissue 1 week after the operation (Lindvall et aI., 1981) . There is reason to believe that the increase in TIM does not simply reflect a change in tissue distribution of the base due to altered intracellular pH andlor sodium con centration, but more likely an effect on the trans port mechanism (Lindvall et aI., 1981) . This is sup ported by the observation that sympathectomy in a corresponding manner also enhances Na + ,K + ATPase activity in the rabbit choroid plexus (Lind vall et aI., 1982) .
After birth there is a rapid increase in the choroid plexus capacity to accumulate choline in relation to tissue wet weight, but adult levels are not attained until after 3 weeks of age. The observations agree with previous findings on the postnatal changes in TIM for other organic bases, viz., atropine and methylatropine (Winbladh, 1972 ) . Also, primary amines are rapidly eliminated from the CSF through an active plexus transport already in the 5-day-old rat (Bass and Lundborg, 1973a) . A similar profile of postnatal changes was observed for Na + ,K + ATPase activity, which is somewhat in variance with data presented by Mitchell et aI. (1982) . These authors used isotonic homogenization media in their experiments and did not treat their homoge nates with deoxycholate, which probably gives other characteristics of their Na + ,K + -ATPase-con-taining membrane fragments as compared with ours. Further, they expressed their data per milli gram protein content without stating the wet weights. However, we found no significant differ ence in choroid plexus protein content per unit wet weight between newborn and adult rabbits with the Lowry method (Winbladh, 1972) .
Several factors have to be taken into consider ation when interpreting the increases in TIM and relative ATPase activities with age. Age-related changes in relative water content, size of extracel lular space, and epithelial volume in relation to other tissue constituents will influence TIM as well as enzyme activities whether expressed per unit wet weight or protein content. There is an � 10% re duction in the choroid plexus water content imme diately after birth (Winbladh, 1972 ) , which might explain part of the initial increment in the TIM values. The water content then remains constant up to adulthood (Winbladh, 1972) , and moreover there appears to be little or no change in intracellular po tassium concentration of the developing, postnatal choroid plexus (Johanson et aI., 1976, Pershing and Johanson, 1982) . The extracellular space is only in significantly reduced, by �2%, during the first post natal month (Smith et al., 1982) . Thus, it is reason able to assume that the recorded changes in choline uptake capacity (expressed as TIM) and Na + , K + ATPase activity reflect an increase in transport ca pacity with age, which agrees with in vivo obser vations on choroid plexus transport functions by Pershing and Johanson (1982) .
In regard to possible regional differences in mat uration between the various choroid plexuses it is notable, in both the present and the previous (Lind vall and Owman, 1978) observations, that the de velopmental profile of the plexus from the fourth ventricle slightly differs from that of the others, which may be related to the more protracted de velopmental growth that appears to take place in this particular plexus region (e.g., Quay, 1972) .
The present observations, together with studies on the postnatal appearance of the adrenergic in nervation of the choroid plexus, suggest that en ergy-dependent translocation systems for organic bases at the interface between blood and CSF, in fluenced by local sympathetic nerves in the choroid plexus, have a functional role even shortly after birth. It has been proposed that active transport over the choroid plexus provides the major route of elimination of acid metabolites from the brain of newborn rats (Bass and Lundborg, 1973b; Atack et aI., 1974) . The anionic organic acid transport system in the choroid plexus has been shown to handle not only endogenous metabolites but also foreign anions (Pritchard, 1980) , and the active transport of, for example, the herbicide 2,4-di chlorophenoxyacetic acid is fully established even 3 days postnatally in rabbits (Kim et aI., 1983) . It has recently been found that chronic acidosis in the developing rat enhances the Na + -K + exchange pump activity in the choroid plexus (Pershing and Johanson, 1982) . The possible role of the sympa thetic innervation of the tissue in this adaption process and in de velopmental changes remains to be determined. 
